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ABSTRACT 
 Magnetic nanoparticles (MNPs) have found use in a wide variety of biomedical 
applications including hyperthermia, imaging and drug delivery. Certain physical 
properties, such as the ability to generate heat in response to an alternating magnetic 
field, make these structures ideal for such purposes. This study’s objective was to 
elucidate the mechanisms primarily responsible for RF MNP heating and determine how 
such processes affect polymer solutions that might be useful in drug delivery. 15-20 nm 
magnetite (Fe3O4) nanoparticles at 0.2% and 0.5% concentrations were heated with RF 
fields of different strengths (200 Oe, 400 Oe and 600 Oe) in water and in 0.5% gellan 
gum solution. Mixing and fan cooling were used in an attempt to improve accuracy of data 
collection. Specific absorption rate (SAR) values were determined experimentally for each 
combination of solvent, concentration and field strength. Theoretical calculation of SAR 
was performed using a model based on linear response theory. Mixing yielded greater 
precision in experimental determination of SAR while the effects of cooling on this 
parameter were negligible. Solutions with gellan gum displayed smoother heating over 
time but no significant changes in SAR values. This was attributed to low polymer 
concentration and lack of structural phase transition. The LRT model was found to be 
adequate for calculating SAR at low polymer concentration and was useful in identifying 
Neel relaxation as the dominant heating process. Heating trials with MNPs in 2% agar 
confirmed Neel relaxation to be primarily responsible for heat generation in the particles 
studied. 
1 
 
INTRODUCTION 
Biomedical Applications of Magnetic Materials. 
 Magnetic materials, and their biomedical applications, have become prominent 
areas of research because their inherent physical properties can be exploited to alleviate 
illnesses and other health-related concerns. Due to their ability to travel through body 
tissue or the bloodstream and generate heat, these materials have been proposed as an 
effective treatment modality for medical conditions such as tumors. For patients 
undergoing cancer therapy, this hyperthermia approach might provide an alternative to, 
or supplement, traditional ones like radiation and chemotherapy. Another application, 
targeted drug delivery to promote accelerated healing at wound sites, is the intended 
purpose of the magnetic nanoparticles (MNPs) discussed herein.   
 The use of magnetic materials, and more specifically magnetic particles, in 
medicine has a long history and can only be briefly touched on here. One of the earliest 
studies of in vivo application was performed by Gilchrist, et al.1 The researchers injected 
micron-sized Fe2O3 particles into lymphatic tumor sites which were subsequently heated 
by an applied magnetic field. Nearly two decades later, Senyei and colleagues introduced 
the idea of magnetic nanoparticle-chemical complexes and set the stage for treatments 
involving targeted drug delivery.2 Another seminal work in the field was Gordon et al.’s 
investigation of magnetic nanoparticle heating and its destruction of mammary tumors in 
animal models.3
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  Over the past few decades, rapid progress has been made in the realm of 
magnetic materials for biomedicine and there now exists a vast body of knowledge on the 
subject. An overview of the current state of research can be found in reviews such as 
those by Lu, et al., and Pankhurst, et al.4,5 Magnetic nanoparticle fabrication methods and 
characterization are two areas commonly explored in the recent literature. Heating 
processes, and their dependence on MNP properties, have also been investigated 
extensively through experiment and theoretical analysis. All of these subjects are integral 
to the development of MNPs that will function adequately for their intended use as 
therapeutic agents.  
 
Magnetic Nanoparticle Heating Processes. 
 Undoubtedly, the 
most important characteristic 
of magnetic nanoparticles 
which makes them effective 
tools for biological use is 
their ability to produce heat 
when exposed to an external 
alternating magnetic field. 
Much of the literature 
devoted to this topic 
identifies three processes that are primarily responsible for this effect: Losses due to Neel 
and Brownian relaxation, and hysteresis losses (See Fig. 1).6,7,8 While there seems to be 
Figure 1. An illustration of the three types of heating processes in magnetic 
nanoparticles.  Black arrows represent the spin orientation of the particle. Red 
arrows represent the applied magnetic field direction. a) Hysteresis. The 
applied field causes a loss of domain walls separating regions of different spin 
orientation. Increasing the field strength in the opposite direction will 
eventually cause all of the spins to realign. b) Neel relaxation. The external 
field realigns the single spin axis and heat is generated as the spin realigns to 
its preferred direction. c) Brownian relaxation. The applied field causes the 
entire particle to rotate generating heat through frictional forces. 
1a) 
 
 
 
1b) 
 
1c) 
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general agreement that all three are significant, the relative contribution of each one to 
heating and the conditions under which one becomes dominant are still a matter of 
debate.  Particle size, anisotropy, composition and solvent properties are some of the 
factors that need to be considered in understanding the physical mechanisms involved.  
Often, ranges in 
nanoparticle diameter and 
size are used to classify 
whichever process is the 
most important contributor to 
heating. As discussed in the 
review articles, hysteresis is 
a well-known phenomenon 
in magnetic systems which tends to dominate heat production in larger particles that have 
surpassed a critical diameter and possess multiple domains (>100 nm). In this case, the 
material is considered ferromagnetic with regions of different spin orientation separated 
by domain walls. Applying an external magnetic field will cause these various spins to 
align and eventually reach a saturation magnetization. If the field is reversed, the spins 
will reorient to the new direction, but the magnetization response will be delayed as the 
strength of the field is increased. Ultimately, this spin realignment and associated shifting 
of domain walls results in heat production.  
Two examples of hysteresis loops are shown in Figure 2. The image on the left 
1. Adapted from: Frey, et al. Magnetic nanoparticles: synthesis, functionalization, and 
applications in bioimaging and magnetic energy storage. Chemical Society Reviews, 
2009; 38(9) with permission of The Royal Society of Chemistry.25 
Figure 2. Hysteresis curves for a) ferromagnetic and b) superparamagnetic 
materials. The ferromagnetic material retains a magnetization even with zero 
applied field (H), whereas the superparamagnetic material loses its 
magnetization when the fapplied field goes to zero.1 
2a) 2b) 
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displays the typical magnetization, M, of a ferromagnetic material in response to an 
applied field, H. At a high enough field strength, the hysteresis curve peaks at the 
saturation magnetization, Ms. The material’s magnetization remains nearly constant even 
as the external field decreases to zero and begins to point in the opposite direction. Heat 
production from this process is directly proportional to the area bounded by the curve. A 
hysteresis curve for a superparamagnetic material is displayed in the image on the right. 
Here, the magnetization disappears as soon as the applied field is reduced to zero and 
the curve does not have a bounded area. 
For smaller nanoparticles where the existence of domain walls is not energetically 
favorable (5-15 nm), heat can be generated by Neel and Brownian relaxation instead. 
Neel relaxation is exhibited by single domain, superparamagnetic materials that have a 
unique spin orientation which may change direction in response to environmental 
conditions such as sufficiently high temperature or an applied magnetic field (See Fig. 1). 
If the latter is used to shift the spin axis, heat production will result from the realignment 
of the spin to its preferred direction. At size ranges between those characteristic of Neel 
relaxation or hysteresis (~15-100 nm), Brownian relaxation will dominate heating. This 
process involves physical rotation of the entire particle in response to an applied field with 
subsequent heat production due to the resistance of drag forces in the surrounding fluid.7 
It bears repeating that the size ranges for which one process dominates are not 
clearly defined and can be heavily dependent on other factors such as anisotropy. For 
example, an experimental study by Jeun, et al., investigated 4-23 nm size MNP’s and 
found that they were not purely superparamagnetic even at small diameters (10 nm).8 An 
article by Carrey, et al., further complicates the classification scheme by criticizing the 
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separation of hysteresis losses and relaxation losses that is commonly discussed in the 
literature.9 They argue that both are examples of hysteresis and the distinction is an 
artificial one that should be avoided.  
 
Determination of Specific Absorption Rate (SAR). 
 Quantitative measurements of heat losses 
by MNPs in solution are usually reported as 
specific absorption rates (SAR), or specific loss 
power (SLP), with units of W/g. Experimental 
calculations of SAR are often found by plotting 
heating curves over time (See, e.g., Fig. 3) and 
then using the following formula, or minor 
variations thereof10: 
SAR = ΣiCimimnp
dT
dt    (1) 
Here, Ci and mi are the specific heats and masses, respectively, of each component of 
the solution, mnp is the mass of nanoparticles in solution, and dT/dt is the initial slope of 
the heating curve. However, it should be noted that experimental determination of SAR 
can be inconsistent among different studies because of variations in applied field strength 
and frequency, as well as the use of disparate methods for finding initial slope.  
 
2. Adapted from: Li, et al. Magnetic nanoparticles: synthesis, functionalization, and 
applications in bioimaging and magnetic energy storage. Materials Science and 
Engineering C, 2010; 30(7) with permission from Elsevier. 
Figure 3. An illustration of RF heating curves for 
MNPs of different sizes in 120 Oe field with 100 
kHz frequency.2 
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For theoretical determination of SAR, one of the simplest and most often used 
models is based on linear response theory (LRT).9 The basic assumption of this theory is 
that the magnetic material responds linearly to an applied magnetic field, 
                                                                         M = ΧH 
with Χ representing the complex magnetic susceptibility.9 SAR can then be determined 
by using the imaginary part of the susceptibility, ΧII, in combination with the applied 
frequency and square of the applied field strength:  
P = μ0πΧ
''fH2              (2) 
Χ''= Χ0
ωτ
1+(ωτ)2
 
  Χ0 = 
μ0Ms
2V
kBT
           
H, f and ω represent the applied field strength, frequency and angular frequency, 
respectively, and Ms is the saturation magnetization. Contained within the complex 
susceptibility is an important parameter, τ, which is often denoted the characteristic 
relaxation time, and the static susceptibility, Χ0.  
Neel and Brownian processes each have their own relaxation times given by: 
            τN = τ0e
KV
kBT                       (3)           
                            τB = 
3ηVH
kBT
                       (4)                        
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where τ0 is an attempt time (often taken to be 10-9 s), K is an anisotropy constant, V and 
VH are MNP volume and hydrodynamic volume, respectively, and η is the viscosity of the 
surrounding medium. The characteristic relaxation time is related to the Neel and 
Brownian relaxation times by the equation: 
1
τ
=
1
τN
+
1
τB
                    (5)      
The faster process will usually be the dominant one and even small changes in physical 
parameters, such as MNP size or anisotropy, can have a significant effect on relaxation 
times. Carrey, et al., provide an excellent discussion of the principles underlying LRT and 
other models that can be used for theoretical calculation of SAR.9 
 
Polymer/MNP Composites for Drug Delivery.  
The physical properties of MNPs make them ideal for a wide range of biomedical 
uses including diagnostic imaging and cancer treatment via hyperthermia. Targeted drug 
delivery is another application that has received much attention from researchers. Some 
recent publications which summarize the various aspects of drug delivery with MNPs are 
those by McBain, et al., Mody, et al, and Yang, et al.11,12,13 MNPs are well-suited for this 
purpose because of their heating properties and the fact that they can be guided through 
the body by an external field. However, other materials such as polymers must sometimes 
be added to improve biocompatibility or carry drug payloads. These composite structures 
often have a MNP surrounded by a polymer shell to which drug molecules are chemically 
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bonded (See Fig. 4). Hydrogels, consisting of a polymer matrix interspersed with 
nanoparticles, have also been investigated for their utility in targeted drug delivery.14,15 
According to the review by Mcbain, et al., 
many different types of polymers have been 
investigated as carriers in drug delivery systems, 
including carbohydrate molecules, proteins and 
synthetic compounds.11 One synthetic polymer 
that has been studied extensively in drug delivery 
research is poly(N-isopropylacrylamide), or 
PNIPAM.14,15 Gao, et al., identify a property of 
PNIPAM that makes it ideal for this application: 
The polymer undergoes a phase transition from a 
coiled, well-dissolved state to a condensed, 
globular one at a critical temperature near 32oC. 
Therefore, PNIPAM can serve as a stable carrier molecule in one conformation, and then 
release its payload through structural changes induced by the phase transition. 
Furthermore, as shown by Meenach, et al., MNP/PNIPAM composites are certainly 
feasible and nanoparticle heating can be used to exploit the thermoresponsiveness of the 
polymer.14 
Another polymer that might prove useful for drug delivery, and has characteristics 
similar to PNIPAM, is gellan gum (GG). Unlike PNIPAM, gellan gum is a naturally derived 
polysaccharide produced by the bacterium, Sphingomonas elodea. The popularity of GG 
as a thickening agent and filler in the food and pharmaceutical industries is widely 
4a) 
 
 
 
 
4b) 
 
 
 
 
Figure 4. Illustrations of a) a composite 
MNP/polymer particle for drug delivery and b) a 
hydrogel. The composite particle consists of a 
nanoparticle core (black), surrounding polymer 
layer (purple) and attached payload (red). The 
hydrogel is a polymer matrix (purple) with 
embedded MNPs (black).  
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acknowledged.16,17 In addition, GG is known to undergo a structural phase transition 
similar to that of PNIPAM when heated. This process is complicated and dependent on 
numerous factors such as polymer concentration and the presence of salt ions.18,19 
Miyoshi, et al. found that, at lower concentrations (0.8%-1.0%), a shift in loss modulus 
occurred at a critical temperature near 30oC and they attributed this to a coil-helix 
transition.18 Modification of polymer or salt concentration may alter the critical 
temperature, making gellan gum a versatile compound that could potentially be useful for 
drug delivery when combined with MNPs. 
 
Other Considerations for Biological Use. 
 It is important to note that the biological environment for which MNP/polymer drug 
delivery systems are intended imparts restrictions on heating, material selection and other 
conditions that might be suitable in the laboratory. For example, Binns considers the 
benefits of using nanoparticles for selective hyperthermia treatment, but warns against 
exceeding the Atkinson-Brezovich limit, 4.85*108 A/m*s, of applied field strength and 
frequency.20 Magnetic fields that exceed this limit could potentially cause particles to 
produce excessive heat, or damage healthy tissues directly through heating. Also, 
electromagnetic and thermal properties will not be uniform throughout different body 
tissues so heating rates and other parameters may be inconsistent with those outside of 
the body.21 Based on this fact, Carrey, et al., conclude that only Neel relaxation or 
hysteresis should be used for MNP heating in vivo since these processes are less affected 
by the properties of the surrounding environment.9 
10 
 
 Biocompatibility is another characteristic that is absolutely essential for any 
materials intended for medical use. This has prompted researchers to use MNPs 
composed of iron and iron compounds, such as magnetite, which have low toxicity.13 
Nanoparticle size must also be taken into consideration since larger volumes have a 
heightened risk of lodging in blood vessels and impeding blood flow. Finally, care must 
be taken in selecting a polymer that is non-toxic, can bind securely to both the MNP and 
payload until delivery is desired, and will not become aggregated.11   
 
Research Objectives. 
 The project discussed herein had three main objectives: 
1. To determine correct experimental conditions for obtaining reliable temperature 
measurements of MNPs in solution. 
2. To obtain a better understanding of the mechanisms of RF heating of MNPs in 
solution and the subsequent heating of the solution. 
3. To compare experimental results with theoretical values from LRT, assess the 
validity of the model and use this information to elucidate the heating 
mechanisms involved. 
 15-20 nm size magnetite (Fe3O4) MNPs were heated by an alternating RF field 
under different conditions for the general purpose of determining their utility in drug 
delivery applications. Gellan gum was added to some of the MNP solutions to see whether 
or not heating would change significantly in the presence of polymer. Ideally, data 
11 
 
obtained from these trials will be of use in other studies involving MNP/GG drug delivery 
systems or related polymers like PNIPAM.  
While RF heating was taking place, a ventilating fan was used to cool the solutions 
and they were mixed continuously. Results from heating trials with cooling and/or mixing 
applied were compared to those with heating alone. The goal was to determine whether 
or not these effects might provide better accuracy in determining heating rates and heat 
production by the MNPs. Also, these procedures assisted with identifying which heating 
process was dominant in the MNPs and whether the LRT model could provide useful 
theoretical predictions of experimental heating with and without polymer present.
12 
 
 
 MATERIALS 
 High purity magnetite (Fe3O4) magnetic nanoparticles were purchased from US 
Research NanoMaterials, Inc. All nanoparticles used were stated to be 15-20 nm in size. 
Gellan gum powder was purchased from Alfa Aesar. Agarose type I, low EEO powder 
was purchased from Sigma Aldrich. An Ambrell EasyHeat LI system (Model#: 3542) was 
used to generate an alternating RF magnetic field and induce nanoparticle heating. The 
solenoid coil had a radius of 0.0125 m, length of 0.035 m, and 8 turns. Temperatures 
were recorded using a Photon Control thermocouple and fiber optic probe. 
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METHODS 
 Two magnetic nanoparticle solutions were prepared at concentrations of 0.2% w/v 
and 0.5% w/v in DI water alone. Identical MNP concentrations were used in solutions 
containing water and 0.5% w/v gellan gum (GG) polymer. Additionally, three solutions of 
MNPs in 2% w/v agar were prepared with particle concentrations of 0.2%, 0.35% and 
0.5%. Mixtures containing GG were sonicated for 15 minutes prior to heating in order to 
achieve better dispersion in the polymer. 
Each of the MNP/water and MNP/water/GG mixtures was subjected to three 
different field strengths and frequencies during RF heating: 200, 400 and 600 Oe at 320, 
312 and 308 kHz, respectively. Five two-minute trials were averaged for each different 
combination of MNP concentration, field strength and solvent to determine initial heating 
rates. For the agar solutions, only a 400 Oe field was used. The same field strengths were 
applied to blank samples containing no MNP’s in order to remove background heating 
due to the solvent All trials were started at a temperature of 23-23.5oC. The thermocouple 
probe was placed near the center of each solution and secured in place to ensure 
symmetric measurement of heat distribution throughout the sample.  
To further correct for extraneous heating due to convection processes associated 
with coil heating, an external cooling fan was incorporated into the setup. Figure 5 is a 
picture of the entire assembly including the heating system, fan and thermometer. Half of 
14 
 
the MNP/water and MNP/water/GG trials 
were run using the  fan and the other half 
without. The fan was placed 10 cm below 
the sample and a foil column was used 
to guide air towards the sample and 
solenoid coil. Mixing was also used in 
half of the MNP/water and 
MNP/water/GG trials to promote even 
distribution of the nanoparticles and 
heat. Every 10 seconds, samples were quickly removed from the coil, agitated and then 
placed back in the coil. Agitation was accomplished manually using a VWR Vortex mixer. 
 SAR values were determined experimentally using Eq. (1), and theoretically using 
Eq. (2). For experimental calculations, the specific heats of water, gellan gum and agar 
were taken to be approximately equal at 4.19 J/K*g, while for magnetite a value of 0.94 
J/K*g was used. A linear fit to each heating curve was taken over a 40 second interval 
from 20 to 60 seconds to determine initial heating rate. This particular range was chosen 
because nearly all of the samples began to display a temperature increase after 20 
seconds had elapsed. 
 Theoretical determination of SAR, based on LRT, utilizes magnetic field strength 
and frequency values along with intrinsic parameters of the nanoparticles such as 
saturation magnetization (Ms), volume, hydrodynamic volume (VH), and anisotropy (K). 
MS and VH values of 300.5 kA/m and 1.1*10-22 m3, respectively, were taken from reported 
values of experimental investigations of magnetite nanoparticles.8,22 Anisotropy was set 
Figure 5. A picture of the entire experimental setup including 
(L-R): RF heating machine, thermocouple, agitator, and 
solenoid coil with sample. A ventilating fan is positioned 
underneath the coil. 
15 
 
at a value of 13 kJ/m3 to provide a good fit to experimental data and match values of K 
reported elsewhere. In all water/MNP and water/MNP/GG solutions, viscosity was 
assumed to be the value for water, 8.9*10-4 Pa*s. Neel and Brownian relaxation times 
were computed from Eqs. (3) and (4) to obtain a characteristic relaxation time using Eq. 
(5). (See Appendix section A1 for detailed theoretical calculations.) 
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RESULTS 
Significant differences were observed when the magnetic nanoparticles were 
added to each type of solvent. Combining the MNPs with water alone yielded solutions 
that did not disperse well; particles began to 
sink to the bottom immediately even after 
vigorous mixing (See Fig. 6). Upon adding 
gellan gum, particle dispersion improved 
significantly, forming a slightly viscous 
brown fluid. Some precipitation was still 
observed with the polymer present, but 
much less than in water alone. After 
sonication, the particles appeared to be 
almost completely dissolved and separation 
was only apparent an hour later (Fig. 7a). In 
agar, the particles were uniformly scattered 
throughout the gel-like suspension and 
permanently immobilized (Fig. 7b).  
Figure 6. Time lapse of MNPs mixed in water. From L-R: 
0 s after mixing, 30 s after mixing, 90 s after mixing.    
Figure 7. Images of: a) MNPs dissolved in 0.5% GG 
solution after sonication, b) MNPs dissolved in 2% agar 
solution. Note that the entire sample is stuck at the base of 
the vial and the particles are completely immobile. 
5a) 5b) 
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Heating curves 
with initial slope best-fit 
lines for MNP’s at 0.2% 
and 0.5% concentration 
in water only are 
displayed in Figures 8a-d 
and Figures 9a-d, 
respectively. Some over-
all trends are apparent 
from the data in these 
plots. First, higher 
applied field strength 
invariably leads to a faster 
temperature rise as well 
as a greater increase in 
final temperature. This 
appears to be the case 
regardless of con-
centration and the 
application of mixing or 
cooling. Higher MNP con-
centration tends to cause 
faster heating and larger 
23
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Figure 8. RF heating curves of 15-20 nm magnetite MNPs at 0.2% concentration 
a) in water, b) in water, with cooling c) in water, with mixing, d) in water, with mixing 
and cooling. 
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Figure 9. RF heating curves of 15-20 nm magnetite MNPs at 0.5% concentration 
a) in water, b) in water, with cooling, c) in water, with mixing, d) in water, with 
cooling and mixing. 
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temperature increases as well, however the effect is only noticeable at higher field 
strengths. For all experiments at 200 Oe, the solution temperature increased by at most 
a degree, and any differences due to concentration were minimal.  
Figures 8a-b and 9a-b exemplify the general behavior of solutions that have 
undergone heating without mixing. At field strengths of 400 and 600 Oe, an initial 10 to 
15-second interval of negligible temperature change is observed. This is followed by an 
approximately linear increase in temperature with small fluctuations present in some 
cases. With the 200 Oe field, the temperature change is more gradual and the 
aforementioned transition seen with stronger fields is not apparent. Also, the effects of 
cooling were most noticeable at higher field strengths as can be seen by an approximate 
one-degree drop in final temperature in comparison with the solutions that were not 
ventilated. Cooling seemed to have only a very slight effect on the temperature change 
for solutions heated with a 200 Oe field.  
The results of mixing each MNP/water sample during heating are displayed in 
Figures 8c-d and 9c-d. Here, the linear increase in temperature over time of the MNPs in 
solution is even more 
apparent. The lag in 
temperature change 
that was present in the 
unmixed solutions is 
absent and the data 
points follow an almost 
perfectly straight line 
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Figure 10. RF heating curves of MNPs at 0.2% concentration in water with mixing 
(x) superimposed on heating curves in water without mixing (o). No cooling was 
present during these trials. 
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with a single slope. Another difference between the data for these trials and the unmixed 
solutions is that the effects of cooling no longer seem to be significant. Rates of 
temperature change and overall increase in temperature were nearly identical regardless 
of whether or not the fan was present. For the most part, final temperatures achieved with 
mixing matched those without mixing closely for all field strengths and concentrations. 
Figure 10 provides a visual comparison of heating data for mixed and unmixed solutions 
with 0.2% MNP concentration and no cooling; the more pronounced linearity in 
temperature change during heating of the mixed solutions is readily apparent. 
Experimental data and best-fit lines for the trials involving MNPs immersed in 0.5% 
gellan gum solution are displayed in figures 11a-d and 12a-d. As before, higher field 
strengths correlate with faster heating and greater heat production, and contributions from 
differences in MNP 
concentration only seem 
to be present at higher 
field strength. Similarly, 
at 200 Oe, heating was 
minimal for all trials and, 
in one case, heating 
plateaued around 60 
seconds followed by a 
slight decrease in 
temperature (Fig. 12a).Figure 11. RF heating curves of 15-20 nm magnetite MNPs at 0.2% concentration 
a) in 0.5% gellan gum, b) in 0.5% GG, with cooling, c) in 0.5% GG, with mixing, d) 
in 0.5% GG, with cooling and mixing. 
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For the unmixed 
MNP/GG solutions 
(Figs. 11a-b and 12a-b), 
heating curves displayed 
a smoother increase in 
temperature over time 
than was seen in the 
corresponding solutions 
containing only water as 
solvent. The sudden 
transition from a flat line 
to a rising one was non-
existent and temp-
erature change initiated 
as soon as the field was 
turned on. 
Unlike the water-
only trials, the ventilating 
fan did not appear to 
influence the heating of 
solutions when the polymer was present. In fact, data for some of the experiments 
indicated that final temperatures were slightly higher when the fan was incorporated in 
the setup (Compare, e.g., Figs. 12a and 12b). On the other hand, as seen in Figures  
Figure 12. RF heating curves of 15-20 nm magnetite MNPs at 0.5% concentration 
a) in 0.5% gellan gum solution, b) in 0.5% GG, with cooling, c) in 0.5% GG, with 
mixing, d) in 0.5% GG, with mixing and cooling. 
23
25
27
29
31
33
35
37
0 25 50 75 100
Te
m
pe
ra
tu
re
 (c
)
Time (s)
12a)
200 Oe
400 Oe
600 Oe
23
25
27
29
31
33
35
37
0 25 50 75 100
Te
m
pe
ra
tu
re
 (C
)
Time (s)
12b) 200 Oe
400 Oe
600 Oe
23
25
27
29
31
33
35
37
0 25 50 75 100
Te
m
pe
ra
tu
re
 (C
)
Time (s)
12c) 200 Oe
400 Oe
600 Oe
23
25
27
29
31
33
35
37
0 25 50 75 100
Te
m
pe
ra
tu
re
 (C
)
TIme (s)
12d) 200 Oe
400 Oe
600 Oe
23
24
25
26
27
28
29
0 25 50 75 100
Te
m
pe
ra
tu
re
 (C
)
Time (s)
200 Oe
200 Oe, mixed
400 Oe
400 Oe, mixed
600 Oe
600 Oe, mixed
Figure 13. RF heating curves of MNPs at 0.2% concentration in 0.5% GG with mixing 
(x) superimposed on heating curves without mixing in 0.5% GG (o). No cooling was 
present during these trials. 
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11c-d and 12c-d, mixing the solutions once again yielded heating data plots that were 
almost perfectly linear. The final temperatures reached with mixing agreed well with the 
samples that were not mixed. Cooling did not seem to have an appreciable effect on 
heating during these trials either.  Heating differences between mixed and unmixed 
solutions for MNPs at 0.2% concentration in 0.5% GG without cooling can be seen in 
Figure 13. Mixed solutions still exhibit more linearity in temperature increase although the 
difference is less than in water alone. 
Figure 14 is a plot 
that represents heating 
of MNP’s at three 
different concentrations 
(0.2%, 0.35% and 0.5%) 
in 2% agar solution. 
Increases in MNP 
concentration yield 
faster heating rates and greater temperature increase as seen in the previous examples. 
Another important detail is the uniformly linear rise in temperature over time which 
resembles data from the heating trials with mixing.  Heating starts as soon as the field is 
turned on and the rate of temperature change is constant over time.   
SAR values for each heating curve were calculated and plotted with respect to 
magnetic field strength in Figures 15a-d. On these figures, theoretical (black line) and 
experimental values (colored dots) of SAR are displayed simultaneously to allow for a 
visual comparison. Comprehensive lists of all SAR values obtained from the MNP and 
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Figure 14. RF Heating curves of 15-20 nm magnetite MNPs at different 
concentrations in 2% agar solution with 400 Oe applied field strength. 
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MNP/GG trials in this study are provided in Tables A1 (0.2% MNP concentration) and A2 
(0.5% MNP concentration). The LRT model yielded theoretical SAR values of 11.3 W/g 
at 200 Oe, 42.96 W/g at 400 Oe, and 94.21 W/g at 600 Oe. Brownian and Neel relaxation 
times were 7.29*10-5 seconds and 1.22*10-8 seconds, respectively, giving a value of 
1.22*10-8 seconds for the characteristic relaxation time, τ.  
An examination 
of the SAR value plots 
reveals two key results 
that stand out for the 
various trials. One is 
that SAR has a direct 
relationship with app-
lied field strength; 
increasing the field 
from 200 Oe to 600 Oe 
generally leads to 
drastic increases in 
heating rates (Nearly 
an order of magnitude difference in some cases). This appears to be true regardless of 
MNP concentration, presence of polymer, or application of cooling. Another factor that 
heavily influenced SAR measurements was mixing during heating. When mixing was 
applied, heating rates became much more tightly clustered around each other and the 
Figure 15. Plots of experimental and theoretical SAR values with respect to field 
strength for: a) magnetite MNPs in water, b) magnetite MNP’s in water, with mixing, 
c) magnetite MNP’s in 0.5% gellan gum, d) magnetite MNP’s in 0.5% gellan gum, 
with mixing.    - 0.2% MNP concentration, no cooling,    - 0.5% MNP concentration, 
no cooling,     - 0.2% MNP concentration, with cooling,     - 0.5% MNP concentration, 
with cooling,        - Theoretical. 
0
20
40
60
80
100
120
200 400 600
S
A
R
 V
al
ue
s 
(W
/g
)
Applied Field Strength (Oe)
15a)
0
20
40
60
80
100
120
200 400 600
S
A
R
 V
al
ue
s 
(W
/g
)
Applied Field Strength (Oe)
15b)
0
20
40
60
80
100
120
200 400 600
S
A
R
 V
al
ue
s 
(W
/g
)
Applied Field Strength (Oe)
15c)
0
20
40
60
80
100
120
200 400 600
S
A
R
 V
al
ue
s 
(W
/g
)
Applied Field Strength (Oe)
15d)
23 
 
theoretical value. A comparison of Figs. 15a and 15b, or Figs. 15c and 15d, clearly shows 
a greater spread of data points in the unmixed samples.  
It is difficult to discern any heating trends with respect to changes in concentration, 
use of the cooling fan or addition of polymer. When no gellan gum was present, SAR 
values of the cooled, unmixed samples were mostly lower than those for the same 
samples without cooling (See Fig.15a).  The opposite seemed to be the case for cooled, 
mixed samples containing GG which produced slightly higher SARs than the same 
samples without cooling.  Overall, though, any effects resulting from the fan’s cooling 
were limited. Addition of the polymer did not seem to influence SAR values in any 
meaningful way either, and the same held true for changing the MNP concentration. In 
fact, after mixing, differences in heating rates due to the aforementioned factors became 
almost negligible. 
Experimental SAR values for MNPs in 2% agar are listed in Table 1. Heating rates 
are given for each MNP concentration in agar and there is an abrupt change of 
approximately 10 W/g in SAR after MNP concentration increases from 0.2% to 0.35%. At 
even higher concentration in agar (0.5%), the SAR value stabilizes and is nearly identical 
to that reported at 0.35%. A comparison of MNP heating rates in agar with those in water 
and water/GG shows the former to be 20-30 W/g higher than the latter with the same 
applied field strength.   
MNP 
Concentration 
0.2% 0.35% 0.5% 
SAR Value 63.65 ± 0.32 73.99 ± 0.11 75.23 ± 0.34 
 
Table 1. Experimental SAR values for RF heating of 15-20 nm MNPs in 2% agar solution with 400 Oe field strength. 
All SAR values have units of W/g. 
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The results of two earlier studies 
were chosen for inclusion because of 
their relevance to the work undertaken 
here. A TEM analysis of the MNPs used 
in this study was performed to 
determine their size range and Figure 
16 is a histogram of the size distribution. 
Average diameter of the nanoparticles 
was found to be 11.5 nm; this value was 
used for all theoretical calculations that 
required MNP volume, such as Neel 
relaxation time. Data from an 
experiment investigating phase 
transitions during gellan gum heating 
are displayed in Figure 17. In this plot, phases 1, 2 and 3 correspond to gel phase, 
gel/solution mixture and solution phase, respectively. At lower concentration (0.5%), the 
polymer transitions from gel to solution in the 17-20oC temperature range, whereas at 
higher concentration (1.0%) the change occurs at a higher temperature range of 28-32oC. 
 
 
 
 
 
3. Data for MNP size distribution and gellan gum phase transitions were kindly provided 
by Daniel Denmark, Dept. of Physics, University of South Florida.
Figure 16. MNP size distribution from TEM analysis.3 
Figure 17. Change in gellan gum state with respect to 
temperature. Phase: 1 – Gel, 2 – Gel/Solution, 3 - Solution 
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DISCUSSION 
Although the phenomenon of magnetic nanoparticle heating can be described by 
relatively simple physics involving magnetic spin relaxation, experimental determination 
of SAR can be challenging. Many variables affect heating rates including nanoparticle 
size, composition, anisotropy, solvent properties such as viscosity and specific heat, as 
well as the response of the particles to the applied magnetic field. Additionally, heating 
from the surrounding environment, nanoparticle precipitation and even incorrect 
positioning of the thermocouple probe can contribute to errors in temperature readings. 
Unfortunately, a set of guidelines for determining SAR values accurately that accounts 
for all of these variables does not yet exist.  
As outlined in the introduction, one of the primary goals of this study was to assess 
whether or not certain experimental conditions - mixing and cooling - might provide 
greater reliability in temperature measurements during heating. There are valid reasons 
to include mixing as part of the experimental RF heating procedure, especially if the 
particles agglomerate or fail to fully dissolve. A high concentration of nanoparticles in one 
region will ultimately lead to temperature gradients in the solution as any heat produced 
will require time to diffuse through the remaining volume. Ideally, the particles, and their 
generated heat, will be homogenously dispersed throughout solution to prevent this effect 
and provide greater accuracy in SAR determination. Because the nanoparticles tended
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to collect at the bottom of the solution, especially when combined with water alone as 
solvent, mixing was deemed appropriate for the heating trials performed here.  
Heating from external sources, such as the solenoid coil itself, are another cause 
for concern. An article by Simeonidis, et al. discusses the problems associated with 
inefficient cooling of the coil, especially at low MNP concentrations.23 If this coil heating 
contributes to the sample’s temperature increase, the resulting SAR estimate will suffer 
from errors. To compensate for this effect, the researchers recommend heating with blank 
samples and subtracting the control sample heating from the MNP heating curves. This 
step was carried out for all experiments described here and, in an attempt to further 
eliminate unwanted heating and reduce error, a ventilating fan was used to remove 
surrounding air warmed by the coil. 
 Ultimately, adding the cooling fan to the experimental setup had a minimal effect 
on MNP heating and the associated SAR values. Only samples of MNPs in water without 
mixing showed a consistent decrease in final temperature or heating rate and even these 
changes were extremely small. Most likely, subtracting temperature increases from the 
control samples alone was sufficient to correct for any sources of external heating thus 
making the fan unnecessary. Furthermore, the mixed samples were continuously moved 
back and forth between the coil and agitator, and air circulation would have had even less 
of an impact on the heating for these trials.  
 In contrast to cooling, the influence of mixing on both heating patterns and SAR 
values was plainly evident. A comparison of heating curves between mixed and unmixed 
samples with all other variables held constant reveals an initial lag in temperature 
increase to be characteristic of the latter. The mixed solutions do not suffer from this 
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problem; heating begins immediately and progresses relatively smoothly in a linear 
fashion for the entire trial. Evidently, mixing promotes a more equalized heat distribution 
throughout the solution and is an effective method of eliminating delays in heat diffusion. 
This conclusion is further supported by the GG-containing samples in which the MNPs 
have greater dispersion and the associated heating curves are smoother and have no 
initial heating lag even without mixing. 
 For precise determination of SAR, mixing appears to be a crucial step as indicated 
by the smaller spread of values at each field strength when mixing is applied (See Fig. 
15a vs. 15b, or Fig. 15c vs. 15d). It might seem surprising that, in these trials, 
experimental heating rates at a given field strength tend to cluster around similar values 
regardless of MNP concentration or use of the ventilating fan. However, this outcome 
would be expected since, ideally, SAR values will be independent of MNP concentration. 
This fact, combined with the lack of contribution from cooling, indicates that the SAR 
values obtained through mixing have greater precision and should more closely 
approximate the actual heating rate.            
To verify the conclusions about mixing, one would, ideally, compare SARs reported 
here with results from other sources. While a number of previous investigations of MNP 
heating processes have reported SAR calculations, a direct comparison is not a 
straightforward matter.  As pointed out earlier, field strengths and solvent properties can 
strongly influence heating rates, leading to disparities even when nanoparticle sizes and 
compositions are similar. For instance, a paper by Vallejo-Fernandez, et al., reports SAR 
values of 25-40 W/g for magnetite particles with sizes nearly identical (mean value of 11.7 
nm) to the ones in this study.24 However, this group used a 250 Oe field, 111.5 kHz 
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frequency and a variety of non-aqueous solvents in their work. The SAR data for 200 Oe 
and 400 Oe field strengths reported here shows parity with this group’s results but a valid 
comparison is difficult without emulating the conditions of their original experiment.  In 
light of this fact, SAR values in this study may be considered accurate with the caveat 
that confirming this assumption necessitates further investigation. 
A second purpose of this study was to utilize an LRT-based model to compute 
theoretical SAR values and compare them with experiment. In Figures 15a-d, the 
calculated SARs, represented by the black lines, display remarkable similarity to the 
numbers obtained experimentally at the given field strengths. This is especially true for 
the mixed solutions whose heating rates are very tightly grouped around the theoretical 
value as well as each other. Such an observation reinforces the importance of mixing for 
obtaining reliable SAR values. At the same time, it lends validity to the model as an 
accurate predictor of SAR values under the given experimental conditions. 
Besides being useful for computing theoretical heating rates, another salient 
feature of the LRT model is that it provides values for Neel and Brownian relaxation times. 
These quantities indicate the timescale over which relaxation occurs and the faster 
process will have greater influence on the characteristic relaxation time of the particle. In 
other words, the MNPs’ dominant heating process will be the one that possesses the 
shortest relaxation time. With an average particle size of 11.5 nm, Neel relaxation time 
was found to be equal to the characteristic time, and almost three orders of magnitude 
less than the time required for Brownian processes. Therefore, LRT strongly favors Neel 
relaxation as being most responsible for the observed heating in these experiments. 
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Further support for the dominance of Neel relaxation is provided by the data for 
MNPs in agar solution. Because of its highly viscous properties, agar prevents any motion 
from taking place, thereby eliminating all possible contributions from Brownian relaxation 
of the particles. As Fig. 9 attests, however, significant and rapid heating still took place in 
agar and, as a matter of fact, the SAR values were higher than for the trials in water or 
water/GG under similar conditions. This result, combined with evidence from theoretical 
calculations, points to Neel relaxation being primarily responsible for MNP heat 
production. Such nanoparticles should be well suited for use in biological applications like 
drug delivery since their heating is not affected greatly by the surrounding environment.  
While the predominance of Neel relaxation was not surprising, the higher SAR 
values in the agar trials were unexpected. A plausible explanation for this observation is 
provided by Serantes, et al., in their study of the effects of nanoparticle assemblies on 
heating in agar.26 According to the researchers, MNPs can agglomerate into chains which 
allows for interaction between individual particle spins and subsequent hysteresis effects. 
This phenomenon is dependent on chain length and orientation, as well as solvent 
viscosity; hysteresis losses plateau for chains of eight units and diminish rapidly with 
increasing agar concentration. Since these structures are more stable in agar than in 
highly dispersed mixtures, it seems logical to conclude that the higher heating rates for 
the agar solutions in this study may be attributed to hysteresis processes supplementing 
Neel relaxation. Furthermore, SAR values stayed nearly constant between 0.35% and 
0.5% MNP concentrations in agar, indicating that hysteresis contributions have peaked 
at the lower concentration and an optimal chain length has been achieved.   
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 The effects of gellan gum on MNP heating processes, and the polymer’s suitability 
for targeted drug delivery, is the focus of the final portion of this discussion. Some of the 
properties of GG, including its biocompatibility and transition behavior, were already 
summarized in the introduction. These attributes, along with its ease of use and relatively 
inexpensive cost, make the polymer an excellent experimental model for other 
compounds intended for similar purposes, such as PNIPAM. Additionally, GG itself may 
be used for drug delivery in conjunction with MNPs whose heating can exploit the 
polymer’s structural phase transition.  
 Some of the results of RF heating trials in 0.5% gellan gum solution have already 
been mentioned, specifically the less abrupt heating rate changes due to improved MNP 
solubility in the polymer. Even more interesting is the observation that SAR values do not 
change significantly when the polymer is present, especially with mixing (Compare Figs. 
15b and 15d). This might seem counterintuitive because the polymer should affect the 
viscosity and specific heat of the solution. Also, any evidence of a phase transition, 
represented by an abrupt shift in heating rate due to changes in the aforementioned 
solvent properties, appears to be nonexistent. 
 There is a simple explanation for this unexpected behavior: The solvent does not 
change appreciably at very low polymer concentration. A number of articles cited in the 
introduction note that GG’s characteristics are strongly dependent on concentration and 
the results of an earlier experiment corroborate these claims. Figure 17 illustrates how 
GG’s critical temperature changes at different concentrations: At 0.5% concentration the 
polymer has already reached solution phase around 20oC whereas at 1% concentration, 
the critical temperature is nearly 10 degrees higher and the polymer remains in gel form 
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at room temperature. Thus, in these experiments, GG was likely above its critical 
temperature and in solution phase even before RF heating was initiated. As a result, no 
phase transition could take place and the solvent properties remained nearly constant. 
 Besides the polymer itself, the principal method of MNP heating through Neel 
relaxation likely contributed to steady temperature increases as well. Again, Neel 
relaxation is unaffected by solution viscosity so heat generation should be consistent 
regardless of gellan gum’s phase. All of the preceding information points to the conclusion 
that, at sufficiently small concentration, gellan gum has very little effect on heating 
behavior. Thus, the LRT model would still be applicable in this case and predictions of 
experimental SAR values should be reliable even with small amounts of polymer present. 
At higher polymer concentrations, however, the model may no longer be adequate if the 
phase transition drastically affects heating rates.  
 While the results of MNP heating in low gellan gum concentration are certainly 
informative, they do not address the polymer’s usefulness as a drug delivery agent. For 
such applications, a polymer phase transition is often essential for effective payload 
transfer and subsequent targeted delivery at specific sites requiring treatment. 
Unfortunately, at low concentrations, gellan gum’s existence in solution phase at room 
temperature severely hinders its utility and any effects of a phase transition on heating 
processes could not be determined in the experiments undertaken here.  A second 
limitation of this research were the field strength/frequency combinations that exceeded 
the Atkinson-Brezovich limit. For example, the product of a 400 Oe field strength and  312 
kHz frequency yields a value that is nearly two orders of magnitude greater than the limit 
(~1*1010 A/m*s vs. 5*108 A/m*s). Because biomedical uses of MNPs usually require lower 
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fields and frequencies than used in this study, the data presented here may have less 
relevance to these applications than studies which conform to the limitations. 
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CONCLUSIONS 
 To summarize the research outcomes of this study, magnetic field strength and 
mixing appeared to have the most noticeable effects on SAR. Heating rates increased 
with greater field strength and mixing yielded closely aggregated SAR values in spite of 
differences in concentration or addition of gellan gum. Fan cooling seemed to have almost 
no noticeable effect on heating rates. Ideally, nanoparticle solutions should remain 
homogeneously mixed during RF heating and contributions to temperature increases 
from external sources must be taken into account.   
 There were no major discrepancies in SAR values between solutions containing 
gellan gum and those lacking the polymer. However, heating curves were smoother when 
GG was present, probably due to the polymer providing better nanoparticle and heat 
dispersion. At such low concentration, GG was likely above its critical temperature and in 
solution phase prior to the start of the experiment. Therefore, no phase transitions would 
have taken place during RF heating and the viscosity of the MNP/GG/water solution 
would not have changed significantly. The lack of any perceived effects of gellan gum on 
SAR values can be attributed to this assumption. With higher concentrations, however, 
different heating behavior might be seen as a result of the gel-solution phase transition.  
 The LRT-based model generated theoretical SAR values that were in good 
agreement with experiment, especially for trials with mixing. Calculations revealed that 
Neel relaxation time and characteristic relaxation time were nearly identical, indicating 
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that the Neel process dominated heating. This conclusion was further supported by the 
agar heating trials where heating still took place despite total loss of Brownian relaxation. 
LRT was also found to be adequate for predicting heating rates of solutions with low GG 
concentration, but at higher concentrations it is less likely that such a model would be 
adequate for this purpose due to phase transition effects. 
 Clearly, the research undertaken here was merely an introduction to the vast 
subject of drug delivery applications using composite materials and much more work 
needs to be done. Future studies devoted to the topics discussed should attempt 
experiments with higher concentrations of gellan gum to better understand how the 
polymer transition interacts with MNP heating processes. Such knowledge will be 
essential for developing effective delivery systems or in serving as a model for other 
carrier polymers like PNIPAM. Research focusing on the MNPs themselves should be 
continued in order to determine anisotropy constants and other relevant parameters. 
Further experimentation, of course, will require and motivate progress on the theoretical 
side as well. This may necessitate modifications to LRT or the development of entirely 
new approaches which take into account physical properties of MNPs and the polymer 
simultaneously.     
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APPENDIX 
A1. Theoretical Calculations of Specific Absorption Rate (SAR). 
Nanoparticle Volume - 7.96*10-25 m3 
Anisotropy Constant (K) - 1.3*104
J
m3
 
Saturation Magnetization (Ms) - 300.5 
kA
m
 
Hydrodynamic Volume - 1.13*10-22 m3 
Viscosity (η) - 8.9*10-4 Pa*s 
 
a) Determining static susceptibility (Χ0) 
 
  Χ0 = 
μ0Ms
2V
3kBT
=  
(4π*10-7 N
A2
)(300.5 kAm )
2(7.96*10-25 m3)
3(1.38*10-23 JK)(300 K)
= 7.28  
  
b) Calculating relaxation times (τN, τB, τ) 
 
   τN = τ0e
KV
kBT = (10-9s)e
(1.3*104 J
m3
)(7.96*10-25 m3)
(1.38*10-23 JK)(300 K) = 1.22*10-8 s  
 
   τB = 
3ηVH
kBT
 = 
3(8.9*10-4 Pa*s)(1.13*10-22 m3)
(1.38*10-23 JK)(300 K)
 = 7.29*10-5 s 
 
   τ = 
τNτB
τN + τB
= 
(1.22*10-8 s)(7.29*10-5 s)
1.22*10-8 s +  7.29*10-5 s
= 1.22*10-8 s 
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c) Finding imaginary part of the susceptibility (Χll) with applied frequency of 320 kHz (ω =   
    2.01*106 Hz).  
 
   Χ''= Χ0
ωτ
1+(ωτ)2
= 7.28
(2.01*106 Hz)(1.22*10-8 s)
1+((2.01*106 Hz)(1.22*10-8 s))
2 = 0.18 
d) Determining SAR with applied field frequency of 320 kHz and applied field strength of   
    200 Oe (16 kA/m). 
 
   P = μ0πΧ
''fH2 = (4π*10-7 N
A2
)(π)(0.18)(3.2*106 Hz)(1.6*104  A
m
)2 = 5.76*1011 W
m3
    
 
   Pnp =
P
𝜌magnetite
=
5.76*1011 W
m3
5.1*106 𝑔
m3
= 11.3 W
g
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A2. Tables of Experimental and Theoretical SAR Values. 
 
 
 
 
 
Field 
Strength 
 Water only Water w/ 0.5%  
Gellan Gum 
No Cooling Cooling No Cooling Cooling 
200 Oe Unmixed 12.98 ± 0.87 2.51 ± 0.32 16.41 ± 0.79 13.47± 0.38 
Mixed 12.77 ± 0.34 14.87 ± 0.72 9.68 ± 0.72 15.15 ± 0.56 
Theoretical 11.3 
400 Oe Unmixed 89.83 ± 3.49 43.97 ± 1 43.14 ± 1 55.77 ± 0.78 
Mixed 49 ± 2.43 46.69 ± 0.35 46.09 ± 0.85 53.24 ± 1.23 
Theoretical 42.96 
600 Oe Unmixed 103.02 ± 0.44 74.54 ± 0.5 95.12 ± 1.21 84.6 ± 0.27 
Mixed 89.41 ± 1.84 88.57 ± 1.93 87.33 ± 2.87 98.7 ± 2.72 
Theoretical 94.21 
Field 
Strength 
 Water only Water w/ 0.5%  
Gellan Gum 
No Cooling Cooling No Cooling Cooling 
200 Oe Unmixed 17.01 ± 1.22 3.77 ± 0.07 25.35 ± 0.56 11.88 ± 0.33 
Mixed 11.99 ± 0.15 10.39 ± 0.94 9.1 ± 0.39 11.46 ± 0.34 
Theoretical 11.3 
400 Oe Unmixed 50.29 ± 1.18 40.65 ± 0.58 24 ± 0.46 39.67 ± 1.14 
Mixed 48.11 ± 1.46 46.94 ± 2.04 43.55 ± 0.76 50.62 ± 0.66 
Theoretical 42.96 
600 Oe Unmixed 83.81 ± 1.11 93.2 ± 0.99 58.46 ± 0.77 80.61 ± 2.84 
Mixed 77.7 ± 1.69 76.35 ± 1.51 81.37 ± 3.74 96.28 ± 1.76 
Theoretical 94.21 
 Table A1. Experimental and theoretical SAR values for RF heating of 15-20 nm magnetite MNP’s at 0.2% 
concentration. All SAR values have units of W/g.   
 
Table A2. Experimental and theoretical SAR values for RF heating of 15-20 nm magnetite MNP’s at 0.5% 
concentration. All SAR values have units of W/g.   
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